The p110α catalytic subunit (PIK3CA) is one of the most frequently mutated genes in cancer. We have examined the activation of the wild-type p110α/p85α and a spectrum of oncogenic mutants using hydrogen/deuterium exchange mass spectrometry (HDX-MS). We find that for the wild-type enzyme, the natural transition from an inactive cytosolic conformation to an activated form on membranes entails four distinct events. Analysis of oncogenic mutations shows that all up-regulate the enzyme by enhancing one or more of these dynamic events. We provide the first insight into the activation mechanism by mutations in the linker between the adapter-binding domain (ABD) and the Ras-binding domain (RBD) (G106V and G118D). These mutations, which are common in endometrial cancers, enhance two of the natural activation events: movement of the ABD and ABD-RBD linker relative to the rest of the catalytic subunit and breaking the C2-iSH2 interface on binding membranes. C2 domain mutants (N345K and C420R) also mimic these events, even in the absence of membranes. A third event is breaking the nSH2-helical domain contact caused by phosphotyrosine-containing peptides binding to the enzyme, which is mimicked by a helical domain mutation (E545K). Interaction of the C lobe of the kinase domain with membranes is the fourth activation event, and is potentiated by kinase domain mutations (e.g., H1047R). All mutations increased lipid binding and basal activity, even mutants distant from the membrane surface. Our results elucidate a unifying mechanism in which diverse PIK3CA mutations stimulate lipid kinase activity by facilitating allosteric motions required for catalysis on membranes.
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H/D exchange | PI3 kinase | signaling T he oncogenic potential of phosphoinositide 3-kinases (PI3Ks) was first established when it was shown that an activated form of the PI3K isoform p110α (v-P3K) was encoded by an avian sarcoma virus and that this viral gene and its cellular counterpart can cause cell transformation (1) . The advent of large-scale sequencing established that cancer-linked somatic mutations of p110α are among the most common mutations associated with human tumors (2) (3) (4) . Tumor-associated mutations appear throughout the sequence of p110α (Fig. 1A) . The majority of these are in hotspots in the helical (E545K) or kinase (H1047R) domains. The synergy of these two mutations in activating p110α suggests they act independently, and both structural and functional studies indicate they work by distinct mechanisms (5-7). The presence of both of these mutations in colorectal tumors, compared with the singly mutated form, strongly correlates with decreased survival (8) . However, it is not clear how other mutations throughout the sequence activate p110α, nor is it clear whether there is any unifying principle governing all of the oncogenic mutations. It is becoming increasingly apparent that the p110α mutations do not act alone in tumor development. Mice with the most common p110α mutation (H1047R) expressed in ovaries develop hyperplasias, but not tumors, whereas coupled with the loss of the lipid phosphatase PTEN results in rapid ovarian tumor development (9) .
The activity of p110α is stringently regulated by a tightly associated p85 regulatory subunit, which stabilizes the enzyme, inhibits lipid kinase activity, and allows activation downstream of receptor tyrosine kinases (RTKs) (10, 11) . The N-terminal SH2 domain (nSH2) and the inter-SH2 domain (iSH2) of p85 are the minimal fragment of the regulatory subunit required for full inhibition of p110α lipid kinase activity (11) . The binding of phosphorylated YXXM motifs in activated RTKs and adapter proteins disrupts the inhibitory contact between the nSH2 and catalytic subunit (12, 13) . The p85 subunit is also somatically mutated in several tumor types (14, 15) , with frequent mutations in primary endometrial tumors (14) . These p85 mutations lead to stimulation of the associated catalytic subunit (16) .
The p110α catalytic subunit is composed of an adapter-binding domain (ABD), a Ras-binding domain (RBD), a C2 domain, helical domain, and a kinase domain (17) . Gain-of-function mutations resulting in increased oncogenic transformation are associated with all of these domains (18, 19) . The mechanism of activation of some oncogenic mutants, in particular mutants in the ABD domain and the linker between the ABD and RBD domains, has been unclear, because these mutations are distant from both the lipid-binding surface as well as the kinase domain active site. However, these mutations are frequent in primary endometrial cancers (18) . It has been proposed that mutations in the ABD domain could disrupt interactions with the rest of the catalytic subunit (12, 20) ; however, no clear mechanism by which this conformational shift would activate lipid kinase activity has been revealed. The E545K mutation increases activity by disrupting the nSH2-helical domain interface, similar to binding of RTKs (12, 13) . The structure of the H1047R mutant showed a conformational change in the proposed lipid-binding region of the kinase domain (13) . Compared with the WT, H1047R has higher affinity for lipids and increased soluble RTK phosphopeptide (pY)-stimulated activity (5, 7) . The N345K mutant is located at the interface of the iSH2 and C2 domains, and it causes a disruption of this interface, similar to the N564D mutant in the iSH2 domain (19, 21) .
Hydrogen/deuterium exchange mass spectrometry (HDX-MS) has become a powerful tool for understanding the dynamics of complex protein systems (22) and it is particularly useful for understanding protein-lipid interactions (23) (24) (25) (26) (27) . The rate of exchange of amide hydrogens with deuterium is strongly dependent on secondary structure and solvent accessibility, and this can be used to examine dynamic structural perturbations caused by different stimuli. We have used HDX-MS to determine conformational changes that occur in the full-length WT p110α/p85α complex during activation by pY and when binding to membranes. Our results show that four unique events are required for maximal catalysis. Furthermore, we show that cancer-linked mutations located in different domains of p110α either mimic or enhance the same conformational changes induced in the wildtype enzyme by pY binding or lipid interaction.
Results
Lipid Kinase Activity of Cancer-Linked Mutations. We characterized 11 mutants covering almost every domain of the p110α catalytic subunit, including the ABD domain (R88Q, R93W, and G106V), the ABD-RBD linker (K111E and G118D), the C2 domain (N345K, C420R, and E453K), helical domain (E545K), and kinase domain (H1047R) (Fig. 1 A and B) . We also characterized one p85α mutant in the iSH2 domain (N564D). Lipid kinase assays were carried out with 5% PIP2-containing vesicles (25) . All cancer-linked mutations, including mutants in the ABD and ABD-RBD linker, increased basal lipid kinase activity compared with WT, with H1047R acting as the most potent activator, followed by N345K and E545K (Fig. 1C) .
The WT enzyme's lipid kinase activity was stimulated by a soluble phosphopeptide (PDGFR residues 735-767, with pY740 and pY751, referred to hereafter as pY). When looking into the stimulation of cancer mutants by pY, we find that almost all mutants had a higher pY-activated lipid kinase activity compared with the pY-activated WT. This indicates that these p110α somatic mutants do not simply mimic the pY-activated form of the enzyme. This was especially surprising for the ABD and ABD-RBD linker mutants, because they are very distant from both the active site and the lipid-binding site. In contrast, the E545K helical domain mutant as well as the p85α engineered oncogenic mutant K379E in the nSH2 (a residue in contact with E545 in the structure of the p110/p85 heterodimer) were not stimulated to a greater level than the pY-activated WT p110α and were insensitive to pY activation (<1.5-fold activation).
HDX-MS of WT p110α/p85α in the Presence of pY and/or Membranes.
For both the WT and cancer-linked mutants, we characterized three distinct states: basal, pY activated, and membrane-bound, using HDX-MS. Amide hydrogen to deuterium exchange (HDX) was initiated by exposing the protein to D 2 O for various times (3, 30, and 300 s), followed by quenching. Deuterium incorporation was quantified on pepsin-digested peptides separated on a reversed-phase ultra performance liquid chromatography (UPLC), as described previously (25) . The selected peptic peptides used for both p110α and p85α analysis are shown in Dynamic changes in WT p110α/p85α upon pY activation. Upon addition of pY, we observed differences in HDX both in expected regions located at the nSH2-helical interface, as well as in unexpected regions distant from this interface ( Fig. 2 A and B and Figs. S5B and S6B). The presence of pY caused exposure of regions in both the helical and C2 domains, which are in contact with the nSH2 ( Fig. 2A) , validating that pY disrupts these contacts. However, pY binding also increased HDX in both the ABD-RBD linker and a region in the C2 domain that forms an interface with the iSH2. This reveals that pY binding triggers conformational shifts between the ABD and the rest of the catalytic subunit as well as a disruption of the iSH2-C2 interface. Regions in both the nSH2 and cSH2 domains of p85α showed decreases in HDX due to pY binding (Fig. S6 ), similar to previous results with p110δ/p85α (25) . Dynamic changes in WT p110α/p85α upon binding membranes. We next examined HDX differences in the pY-activated WT p110α/p85α upon binding to 5% PIP2 membranes. The ABD-RBD linker, which was partially exposed upon pY binding, was further exposed upon binding membranes ( Fig. 2 A and C and Fig. S5 ). Regions in p85 at or near the iSH2-C2 interface were also further exposed upon membrane binding, similar to the ABD-RBD linker. This indicates that the conformational changes in the C2/ iSH2 interface and the ABD/RBD linker may be mechanistically linked. Interestingly, we observed decreased HDX upon membrane binding in a region of the kinase domain that is located near the ABD-kinase domain interface ( Fig. 2 A and C) . Movement of the ABD domain may be required to allow for proper orientation of the kinase domain at the membrane.
Dynamic Changes in p110α Cancer-Linked Mutants. For HDX-MS experiments, we selected the most activating mutations in each of the p110α domains: G106V in the ABD, N345K in the C2 domain, E545K in the helical domain, and H1047R in the kinase domain. Three time points (3, 30, and 300 s) under three conditions (basal, pY activated, and membrane bound) were tested. To determine whether mutations in the same domain acted by a similar mechanism, we also carried out experiments on G118D (ABD-RBD linker) and C420R (C2 domain), at the 3-s time point. Effect of mutations in the ABD and ABD-RBD: G106V and G118D. The G106V mutation, located at the end of ABD domain, caused increased HDX in the ABD-RBD linker compared with the WT (Fig. 3 A and B) . Upon pY activation of G106V, the ABD-RBD linker was even further exposed. Interestingly, this same region was exposed in the WT upon pY binding and further exposed upon membrane binding. Surprisingly, the major difference when comparing the pY-activated forms of G106V and the WT is that G106V shows greater exposure upon pY binding in the iSH2 region located at the iSH2-C2 interface (Fig. 3 A and C) . The HDX level seen in this region in G106V upon pY binding is nearly the same as the WT upon membrane binding (Fig. 3A) , suggesting that G106V, even in the absence of membranes, is able to undergo conformational changes that are normally caused by membrane binding. The G106V mutation is spatially distant from the iSH2-C2 interface, and this further substantiates a mechanistic link between the ABD-RBD linker and the iSH2-C2 interface. The rest of the protein in G106V showed similar changes in HDX with pY as observed in the WT (Fig. 3C and Figs. S5B and S6B).
Consistent with tighter membrane association of G106V versus WT (see below), membranes caused a greater decrease in HDX in the kinase domain of G106V compared with WT (Figs. S4, S5C, and S6C), in regions either predicted to be part of lipidbinding surface (loop from 864 to 875) (13) or shown to be critical for membrane interaction (very C terminus of p110α) (5). The G118D mutant exhibited similar HDX behavior to G106V, indicating that these mutations work by a similar mechanism (Figs. S5 and S6) . Effect of mutations in the C2 domain: N345K and C420R. The N345K mutation in the C2 domain increased HDX compared with the WT at the iSH2-C2 interface as expected; however, it also showed increased HDX in the spatially distant ABD-RBD linker (Fig. 3D and Figs. S5 and S6) . The increase in HDX in N345K in the C2 domain and p85-iSH2 domain is consistent with this mutation disrupting the iSH2-C2 interface. This was also true for C420R, which showed increased HDX in the C2 domain compared with the WT (Fig. S5) . Upon pY binding, the N345K mutant showed increased HDX in the ABD-RBD linker to a level normally caused by membrane binding (Fig. 3 A and E) . This unexpected increase in HDX in the ABD-RBD linker caused by N345K also substantiates a coupling of conformational dynamics of the ABD-RBD linker and the iSH2-C2 interface. The rest of the protein in N345K showed similar changes in HDX with pY as observed in the WT (Fig. 3E and Figs. S5 and  S6) . Interestingly, N345K and G106V showed similar changes in HDX in p110α in the presence of membranes (Figs. S4, S5C , and S6C). One interesting exception was decreased HDX for N345K in the C2 domain, which has been postulated to interact with membranes (5, 28). HDX-MS experiments on N345K provide direct evidence for this. Effect of mutation in the helical domain: E545K. Compared with WT, the E545K mutation caused increased HDX in p110α in the ABD-RBD linker and C2 and helical domains as well as in the nSH2 and iSH2 domains of p85α (Fig. 4 A and B and Figs. S5A and S6A). All changes seen in the catalytic subunit were of the same magnitude and location as seen in WT upon pY activation, indicating that E545K mimics the pY activated state. Regions of the p85-nSH2 domain that make up the interface with the helical domain also showed increased HDX (Fig. S6A) . These changes are consistent with breaking the interaction between the catalytic subunit and the nSH2 domain. Upon pY addition to E545K there were no further detectable changes in exchange in the catalytic subunit (Figs. S4, S5B , and S6B), which is consistent with the lack of activation upon pY binding. Upon binding to vesicles, E545K showed a pattern of decreased HDX in regions similar to the membrane-bound WT (Figs. S4, S5C , and S6C). Effect of mutation in the kinase domain: H1047R. The H1047R mutation in the basal state caused increased HDX compared with WT in many regions in the C lobe of the kinase domain ( Fig. 4C and  Fig. S5A ). All of these peptides are structurally linked through a network of interactions (13) , explaining their simultaneous exposure. One of the regions exposed contained the C-terminal end of the activation loop, which is responsible for binding to lipid substrate, and is directly underneath the H1047R mutation. Upon pY activation, H1047R showed HDX differences similar to WT (Figs. S4, S5B, and S6B) . Interestingly, all of the peptides that were exposed basally in H1047R were then protected upon binding to membranes (Fig. 4D and Fig. S4C ), indicating that this mutation changes the dynamics of the membrane-binding surface.
Lipid Affinity of Cancer-Linked Mutations. We performed proteinlipid FRET experiments to measure lipid binding (29) . Experiments were done in the presence and absence of pY for all p110α/p85α constructs. We have previously shown for both p110δ (25) and p110α (5) that pY is required for binding to membranes. Protein-lipid FRET showed that binding of all mutants to vesicles, except E545K, was stimulated by pY and was tighter than the WT (Fig. 5B and Fig. S7) . Surprisingly, we found that pY-activated mutants in the ABD and ABD-RBD linker showed increased membrane affinity compared with the pY- activated WT. Because these mutants are distant from the proposed membrane-binding surface, they appear to increase membrane affinity through an indirect mechanism.
Discussion
Understanding the mechanisms by which somatic mutations activate the oncogenic potential of p110α is an important goal toward designing effective cancer therapeutics. Crystal structures of p110α have suggested how some cancer mutants activate lipid kinase activity (5, 13, 20) , but the mechanism of activation for many rare mutants, including ones in the ABD and ABD-RBD linker frequently mutated in endothelial cancers (18) , has remained unclear. Recent studies have identified novel aspects of PI3K regulation, for example, by phosphorylation of both the nSH2 and cSH2 domains of p85 downstream of PKC (30) and the cSH2 domain by IKK (31), leading to decreased affinity for tyrosine-phosphorylated activators. Phosphorylation of SH2 domains could also affect the basal activity by disruption of inhibitory contacts; however, this has not been tested. Furthermore, the p85 regulatory subunit directly interacts with and regulates the lipid phosphatase PTEN (32, 33) . There might be yet undiscovered regulatory partners of class IA PI3Ks. However, all of the mutants we have examined activate p110α/p85 directly, even in the absence of binding partners, allowing us to directly probe dynamic changes associated with activation of both the WT and mutant complexes.
We find that all cancer mutants tested activated basal lipid kinase activity, and all mutants except E545K had increased affinity for membranes in the presence of soluble RTK-pY compared with WT p110α/p85. This shows that membrane binding can be increased, even by mutations not at the binding surface, through an indirect mechanism.
HDX-MS experiments carried out on both the WT and mutant p110α/p85α in three different states: basal, pY activated, and membrane bound, have identified four distinct conformational events in the PI3Kα catalytic cycle (Fig. 6 ). These four events are: (i) breaking the nSH2-helical interface, (ii) disrupting the iSH2-C2 interface, (iii) movement of the ABD domain relative to the kinase domain, and (iv) interaction of the kinase domain with lipid. All four of these events are detected in the activation of WT p110α/p85α, and cancer mutants affect these conformational events in distinct ways. Our results do not allow us to establish an order for these events. A summary of the effect of cancer mutants on these events is shown in Fig. 6 .
The nSH2 domain of p85 inhibits p110α, whereas soluble RTK-pY releases this inhibition (11, 12) . Our HDX-MS data are consistent with p110α having an nSH2-mediated inhibitory contact, and no contact with the cSH2. This is in contrast to p110β and p110δ, which have inhibitory contacts with both the nSH2 and cSH2 (25, 34) . Breaking the nSH2-helical interface (event 1) also weakens the interaction between the C2 and iSH2 domains, as well as the interaction between the ABD domain and the rest of the catalytic subunit. This indicates that nSH2 contact not only inhibits the enzyme by interacting with the C lobe of the kinase domain (13) , but that it also plays an important scaffolding role in rigidifying the enzyme and preventing interdomain movements required for membrane binding. All of our assays (kinase activity, lipid binding and HDX-MS) indicate that nSH2-helical mutants (E545K in p110α and K379E in p85α) mimic the RTKactivated form of the WT (Fig. 6 ), as expected (7, 12, 13, 35) . Although E545K is insensitive to soluble RTK-pY, it does not mean that it would be insensitive to tyrosine phosphorylated proteins that are either directly or indirectly tethered to membranes, because E545K would have both the nSH2 and cSH2 free for binding to these pY-containing targets. Indeed, it has been shown that E545K is preferentially recruited to IRS1 compared with the WT enzyme (36) , and in a cellular context E545K may be more sensitive to RTK signaling.
For the WT enzyme there was a further disruption of both the iSH2-C2 interface and the ABD-RBD linker upon binding to membranes. These conformational changes may be required for correct orientation of p110α on the membrane surface. Previous work showing a gain of function in mutants at the iSH2-C2 interface have left open the question of whether this interface is disrupted in the process of activating the wild-type enzyme (21) . Our results indicate that this interface is indeed disrupted upon activation of the WT enzyme (event 2). Mutations at the iSH2-C2 interface (N345K and C420R), nSH2-helical interface (E545K), along with mutations at the ABD or ABD-RBD linker (G106V and G118D) caused disruption in the iSH2-C2 interface either basally or upon pY activation.
Mutations in the ABD and ABD-RBD linker are gain-offunction mutations (18, 19) ; however, the mechanisms of activation for mutants not directly at the ABD-kinase domain interface (R93W, G106V, K111E, and G118D) have been difficult to interpret from structural data (5, 13, 20) . Our results suggest that mutations in the ABD, ABD-RBD, or in the C2 domain all cause movement of the ABD relative to the rest of the enzyme (event 3), either basally or upon pY activation. This implies a mechanistic link between the iSH2-C2 interface and the ABD-kinase domain interface (i.e., between events 2 and 3).
The final event that accompanies maximal lipid kinase activity was interaction of the kinase domain with lipid (event 4). It has been shown previously that H1047R rearranges part of the proposed lipid-binding surface (13) and increases the affinity for membranes (5, 13) . Our HDX-MS results confirmed these previous studies; however, they showed a much broader area of dynamic changes in the lipid-binding region of the kinase domain upon mutation then expected from the crystal structure, and this was accompanied by an enhanced binding to membranes.
Our study has revealed a unifying principle by which oncogenic mutants in PI3Kα activate both lipid-binding and lipid kinase Fig. S7. (B) Protein-lipid FRET assays were performed with 5% PIP2 vesicles, and K a was calculated for both ±5 μM pY. All experiments were performed in triplicate. In the absence of pY, the majority of proteins had FRET levels that were too low for reliable curve fitting and are indicated by IB (insufficient binding), and no K a value is reported. activity by mimicking or enhancing motions that occur in the catalytic cycle of the WT enzyme. The combinatorial effect of mutations that facilitate distinct conformational events could lead to more potent activation than the single mutations. For example, our studies show that H1047R is basally activated but still undergoes the same conformational changes upon pY binding and membrane binding as the WT. Therefore, H1047R combined with a mutation either in the ABD/RBD linker, the C2/iSH2 interface or in the helical domain, should show enhanced activity compared with single mutations. Indeed, a previous study showed that combined mutations in the helical and kinase domain (E545K and H1047R) greatly synergize in cell transformation (6) . Similar enhancement could be happening with mutations in the ABD or ABD-RBD linker that co-occur with mutations in the kinase domain in endometrial tumors (18) , because HDX-MS data indicate that these mutations facilitate distinct events. Resistance that develops to PI3K inhibitors has not been shown to involve mutations in the active site. Instead, mutations elsewhere in the pathway that bypass inhibition are common (37) . The synergy of p110α mutants could form the basis for a new class of resistant mutations.
The increased affinity of the oncogenic mutants for lipid membranes and the HDX-MS observations are consistent with the mutations destabilizing a closed, cytosolic form of the enzyme. It may be that small-molecule inhibitors could be selected that would stabilize the closed form of the enzyme.
Methods
HDX Measurements. HDX reactions were initiated by the addition of proteins (1 μM final) to either pY peptide solution (15 μM final) or blank followed by addition of 88% D 2 O solution, to a final concentration of 69% D 2 O. For HDX-MS membrane interaction experiments lipid vesicles were mixed with the D 2 O solution followed by addition of the pY-activated p110α/p85α. Three time points of "on exchange" (3, 30 and 300 s) at 23°C were followed by addition of a quench buffer. Samples were frozen in liquid nitrogen and stored for no more than 1 wk at −80°C until mass analysis.
Full experimental procedures are described in SI Methods. Fig. 6 . Conformational changes in the catalytic cycle of p110α/p85α. Summary of the effects of selected cancer mutants on conformational events, lipid kinase activity, and lipid binding.
